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Abstract
With the discussion of three examples, we aim at clarifying the concept of energy transfer
associated with dissipation in mechanics and in thermodynamics. The dissipation effects due to
dissipative forces, such as the friction force between solids or the drag force in motions in fluids ,
lead to an internal energy increase of the system and/or to a heat transfer to the surrounding. This
heat flow is consistent with the second law, which states that the entropy of the universe should
increase when those forces are present because of the irreversibility always associated with their
actions. As far as mechanics is concerned the effects of the dissipative forces are include in the
Newton’s equations as impulses and pseudo-works.
1 Introduction
Many textbook exercises, presented in the context of mechanics, involve the action of dissipative forces,
therefore immediately entering the perimeter of thermodynamics [1]. In this paper we address three
such classroom problems to highlight the need for using the laws of thermodynamics, besides the laws
of mechanics, if one really wants to describe the energetic aspects whenever we are in the presence of
dissipative forces.
A very common approach to deal with textbook exercises of classical mechanics in secondary
school and in a typical general physics curricular unit is the reduction of the actual body to a so-called
material point [2]. Although the representation of an extended body by a particle (its centre-of-mass)
may have obvious advantages, that simplification usually does not always allow for a complete analysis
of the pertinent energetic issues, for instance, when dissipative forces are present. This is true even
when we are in the presence of just a translational motion.
A major point in this article is the discussion around the work [3]. In mechanics, work is defined
as a “force—displacement” product [4]. The same is true in thermodynamics where the notion is
extended to the “generalized force—generalized displacement” product involving conjugate variables
[5]. But, in thermodynamics, there is a significant supplementary aspect, that cannot be circumvented,
related to the absolute necessity to introduce the concept of work reservoir [6]. This is in close analogy
with the need for introducing the concept of heat reservoir now in relation with the heat transfer to or
from the system. In a limited strict sense, work is the energy exchanged between a system and a work
reservoir such that the mentioned energy can be totally stored in an organized manner either in the
system or in reservoirs. This organized energy (which is stored) can be always recovered in reversible
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processes with no change of the entropy of the universe. A work reservoir, by definition, only performs
reversible processes (similarly to the heat reservoir) without increasing the entropy of the universe
(this is not the case for a heat reservoir). However, the mechanical description of processes involving
dissipative forces uses equations in which there are terms with the dimension of an energy, which are
products of a force by a displacement but they cannot be considered as work in the sense referred to
above.
In particular, these products enter in the centre-of-mass equation (equivalent to the Newton’s
second law), and are called pseudo-works [7]. They account for the kinetic energy variation of the
center-of-mass of the system but, in general, they are not work.
Actually, from the first law of thermodynamics point of view those products may represent energy
exchanged between the system and the surrounding but they should not be regarded as work (i.e.
they are not work). In fact, some force-displacement products are related to physical processes in
which the system does not interact energetically with a work reservoir. Commonly, one refers to the
product of a dissipative force by a characteristic displacement of the body as dissipative work. At a
more formal level, one may say that this happens whenever a product “generalized force—generalized
displacement” involves macroscopic variables which do not serve to characterize the state of the system,
i.e. when they are not state variables of the system. Moreover, the equivalence between dissipative
work and heat, established long ago after the famous Joule’s wheel paddle experiment, is crucial to
explain the irreversibility, with an increase of the entropy of the universe, which always takes place
whenever dissipative forces play a role in a process [8]. That experiment established the “mechanical
equivalent of heat” an expression coined by James Joule himself.
We illustrate these ideas using concrete and even popular examples such as the motion of sliding
blocks under the action of friction forces [9], the motion of an accelerating car also acted upon by a
drag force produced by the air resistance [10], and the rotation/translation motion of a disc descending
a slippery slope, therefore with kinetic frictional forces playing a role.
Since we are dealing with very fundamental concepts, to make our points very clear we need to start
with a necessarily brief review of some basic aspects of mechanics and thermodynamics. This is carried
on in section 2. In sections 3 to 5 we analyse three situations which are usually considered as mechanical
problems involving dissipative forces — we use the examples to illustrate how to consistently deal with
the effects of these forces both in mechanics and in thermodynamics. Finally, in section 6 we draw
the conclusions.
2 Mechanics and thermodynamics - a brief review of the pertinent
equations
From the energetic point of view associated with their effects, we may distinguish between several
types of forces. For instance, a conservative force can be expressed as the negative of the gradient of a
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potential field (gravitational, electrostatic, etc.) and, through its action, the system always interacts
with a work reservoir. For a non-conservative but non-dissipative force, which cannot be expressed
as a gradient, there is no work reservoir: usually these forces, such as the constraint forces as the
normal force acting on an object placed or moving on top of a surface, do not perform any work.
Other examples are the tension force in a pendulum, also a constraint force, or the static friction
force on a car’s wheel or on the rim of a rolling non-slippering disc. On the other hand, there are
dissipative forces, necessarily non-conservative ones (hence, no work reservoir involved), whose action
leads to the dissipation of mechanical energy. These forces can only be applied to extensive bodies [11]
and they are central in the discussion along this paper. In spite of the requirement that a dissipative
force, such as the kinetic friction force, can only be applied to extensive bodies, one often uses the
point-like approximation for the body in a pure mechanical approach to the problem. Of course this
approximation introduces limitations in the physical treatment of the situation and sometimes it also
does introduce inconsistencies with respect to the realistic approach.
Let us summarize some important results for a system of N particles, each of which with mass mi.
We admit that the particles may interact by means of two body forces described by a potential energy,
Vij, which depends on the distance rij = |~rj − ~ri|. In a given reference frame, say the lab frame, the
total energy of the system is the sum of the kinetic and potential energies, i.e.
Etotal =
1
2
∑
i
miv
2
i +
1
2
∑
i,j 6=i
V intij (1)
(the second 1/2 is introduced to avoid doublecounting). The dummy summation indexes run from 1
to N . The centre-of-mass velocity is defined by
~Vcm =
1
M
∑
i
mi~vi , (2)
where M =
∑
imi is the total mass of the system.
The velocities ~vi can always be written as
~vi = ~Vcm + ~v
′
i , (3)
where by ~v ′i we denote the velocity of particle i in the centre-of-mass frame. If we insert (3) into (1),
one arrives at
Etotal =
1
2
MV 2cm +
1
2
∑
i
miv
′2
i +
1
2
∑
i,j 6=i
V intij , (4)
where we have already used the fact that
∑
imi~v
′
i = ~0, i.e. the centre-of-mass velocity vanishes in the
centre-of-mass frame. The three terms on the right hand side of equation (4) are: the kinetic energy
of the centre-of-mass, Kcm; the kinetic energy of the system with respect to the centre-of-mass, K
int
(internal kinetic energy); and the potential energy associated with the interactions inside the system,
3
V int (internal potential energy). The last two terms can be aggregated into a single one, the internal
energy of the system, U = K int+ V int. Therefore the total energy of the system of N particles can be
written, in a given inertial reference frame, as the sum of two terms:
Etotal = Kcm + U . (5)
To describe several physical situations, in recent papers [12, 13] we have used this splitting of the
total energy of a system whose validity is then quite general under the assumed conditions. Hence,
the internal energy can always be regarded as the energy of the system that is not the centre-of-mass
kinetic energy, irrespective of the reference frame.
2.1 The first law of thermodynamics
The first law of thermodynamics, established in the middle of the 19th century, is a statement on the
energy conservation. For a system that interacts with the surrounding, its total energy varies by the
exact amount of energy transferred through the system boundary: ∆Etotal = Etransf [14]. On the one
hand, this energy transfer can be work performed by the external forces, W ext. Indeed, any external
force acting upon the system, in general gives rise to an energy transfer to/from the system, and the
total external work is given by
W ext =
∑
j
∫
~F extj · d~rj , (6)
where ~F extj represents each external force acting on the system, and d~rj its own infinitesimal dis-
placement. In (6), the dummy j is used now to label these external forces (not to label particles as
previously). On the other hand, any energy transfer that cannot be associated with work, should be
considered as heat, Q. Therefore, the energy conservation can be expressed in the following form [12]:
∆Kcm +∆U =W
ext + Q , (7)
which expresses the first law of thermodynamics. The left hand side accounts for the system total
energy variation and the right hand side refers to the energy that crosses the system’s boundary. Once
the energy had crossed the system boundary, it may either change the kinetic energy of the system
centre-of-mass — the first term on the left hand side of (7) —, or the internal energy of the system,
or both. Of course, equation (7) also allows for a direct conversion of U into Kcm and vice-versa, even
when there is no energy crossing the system’s boundary in processes permitted by the second law.
2.2 Newton’s second law
Much before the formulation of the first law of thermodynamics, Isaac Newton developed the theory
for describing the translational motion of a body. For a single particle, labeled i, belonging to a system
of N particles, Newton’s second law can be formulated by the equation
~fi dt = mid~vi , (8)
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where ~fi is the resultant force acting upon particle i. We can scalar multiply both terms of the previous
equation by ~vi and integrate between an initial and a final state. This leads to the well-known work-
energy theorem ∫
~fi · d~ri = ∆ki , (9)
where d~ri = ~vi dt is the infinitesimal displacement of particle i in the time interval dt and ki is its
kinetic energy. The work performed by the resultant force acting on the particle is equal to its kinetic
energy variation. The resultant force acting on the particle is the sum of the internal and external
resultant forces, f inti + f
ext
i . This splitting allows us to write the left hand side of (9) as the sum of an
internal and external work, namely
winti + w
ext
i = ∆ki , (10)
where winti =
∫ ~f inti · d~ri and similarly for the resultant external force acting on particle i. If we now
go to the macroscopic world, summing up over all particles, and defining ∆K =
∑
i ∆ki one arrives
at
∆K =W int +W ext . (11)
This equation, algebraically derived from Newton’s second law and therefore totally equivalent to it,
is a work-energy theorem for the system of particles, stating that the total variation of kinetic energy
of the system is equal the internal and external works.
We should note that equation (11) is usually not operative for a many particle system (such as a
thermodynamical system) because, in general, one does not explicitly know neither the forces acting
on each particle nor the respective displacement. We also note that the left hand side of equation (11)
can still be decomposed as ∆K = ∆Kcm+∆K
int (Ko¨nig theorem), which are the first and the second
terms on the right hand side of equation (4).
There is another way to proceed from equation (8). We may sum over all particles and then use
expression (2) to conclude that
~F ext dt =Md~Vcm . (12)
The sum over all forces acting on all particles,
∑
i
~fi = ~F
ext, is the resultant of all external forces
(conservative and non-conservative) acting on the system, since the resultant of the internal forces
must vanish (Newton’s third law), ~F int = ~0. After scalar multiplying both sides of (12) by ~Vcm, one
arrives, after integration to
∆Kcm =
∫
~F ext · d~Rcm , (13)
where d~Rcm is the infinitesimal displacement of the centre-of-mass. The force—displacement product
~F ext · d~Rcm is usually called pseudo-work [15] (it artificially becomes work if the body is assumed as
a point-like object).
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Though equation (13) is a well-known result, at this point we should stress that it was algebraically
derived from Newton’s second law (plus the third law) applied to a system of particles, hence it is
equivalent to that fundamental law. Both equations (11) and (13) are different forms of expressing
Newton’s second law which is usually given in vector form such as (12).
One should also note that the right hand side in (13) is not the external work given by equation
(6). In equation (6) each external force and its own displacement is considered separately, whereas in
(13) it is the resultant of the external forces and the displacement of the centre-of-mass that appears.
To emphasize the distinction, the right hand side of (13) is usually referred to as pseudo-work, but
the name does not matter. The important point is to realize that, in general, W ext 6= ∆Kcm [16] or,
more explicitly, in general
∑
j
∫
~F extj · d~rj 6=
∫
~F ext · d~Rcm, where ~F
ext =
∑
j
~F extj .
For a system with moment of inertia I, rotating around a principal axis the angular impulse—
angular momentum equation and the kinetic energy equation, corresponding to (12) and (13) in the
case of rotations are given, in differential form, by [17]
Γext dt = I dω (14)
dKrot = Γextdθ , (15)
where Γext is the resultant external torque (Γint = 0), ω the angular velocity and θ the rotation angle.
Of course, the rotational energy variation ∆Krot is part of ∆K int that enters in ∆U .
In sections 3—5 we are going to study three examples illustrating the complementarity of the first
law of thermodynamics with respect to Newton’s second law.
2.3 Work in mechanics and in thermodynamics
Equations (7) and (13) [or (11)], express the first law of thermodynamics and the Newton’s second
law, respectively, and are general, i.e. they are applicable to any system, of whatever nature.
In mechanics, the energy interaction is only accountable through force—displacement products.
But, in thermodynamics, besides work, the heat is another mechanism to account for an energetic
interaction between the system and the surrounding.
There are some subtle points associated with the work even in the pure mechanical framework,
when one goes from the real extended system to the description of its motion only in terms of its centre-
of-mass [16]. For instance, when one walks, the horizontal force on the foot, pointing alternately in
the forward and in the backward directions, does not perform any work — it is a static friction force
whose application point does not move [18]. Now, if one considers the body reduced to a single point,
the horizontal force is applied at this point that moves and, therefore, there is indeed work associated
with the force. The appearance of this work is then an artifact of the particle model approach since
we know that, for the real system, that force does not perform any work whatsoever. A force that
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is called “static friction force” now moves its application point, contradicting its own denomination,
all because of the model in use! The instructor should be very clear when he explains the “work” of
that force — we even suggest to suppress the denomination “static” force if the body is reduced to its
centre-of-mass. The right hand side of equation (13) is not work but it (artificially) “becomes” work
if the extended body is reduced, from the outset, to a point-like object.
There are several identical examples of forces that do not perform any work if the extended (usually
deformable) system is considered, but they seem to do when the description of the motion reduces to
the centre-of-mass. In previous papers we discussed the physics of a person that jumps [13]: during
the time interval the person keeps contact with the ground, the normal force on the feet does not do
any work. But it does if the problem is discussed after reducing the person to a point-like object. A
car in motion [19], to be discussed in section 4, provides another good example of the point we want
to make: the car accelerates in the forward direction due to the forward static friction forces exerted
by the ground on the tires. These (neither conservative nor dissipative) forces do not perform any
work (the car moves thanks to the gas consumption in the engine, there is no energy coming from
the ground). The force exerted by the infinite mass body (the ground) intermediates the process of
converting internal energy into kinetic energy. However, if the car is reduced to a single moving point,
the tractive forces do work indeed, though this work is again an artifact of the point-like approach.
These three examples illustrate the difficulties the instructor may face when she/he tries to explain
real problems, only from the mechanical point of view, in the framework of the particle model [20]. The
way to prevent such problem is to avoid the oversimplification introduced by the particle model when
discussing the energetics of the situation. Of course we may continue to invoke the centre-of-mass to
describe the motion of the body, and the concept is even very useful. Equation (13) does apply but
one should note that its right hand side must not be confused with work [21], as mentioned above.
In thermodynamics, in order to have an energy transfer to or from a system, there should exist
so-called reservoirs. This is not surprising when we consider heat flows. In this case we talk about
heat reservoirs. For the work one also needs work reservoirs. The atmosphere is a very common
work reservoir for PV T systems. It may provide or receive work without changing its pressure, as
the heat reservoir may exchange heat without changing its temperature. By definition, the reservoirs
only perform reversible processes. Unlike the heat reservoir, the processes in the work reservoir do
not increase the entropy of the universe.
The infinitesimal work for a PV T system is δW = −PdV , with −P and V being conjugate
variables. Whenever the system interchanges work described by different variables, for instance mg dh
as in Joule’s paddle experiment [17], that is dissipative work, which is equivalent to heat.
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3 The two blocks example
One block of mass m and velocity vi gets suddenly on top of another block of higher mass m0 moving
horizontally with kinetic friction on its upper surface. This second block, initially at rest, may move
without friction on top of an infinite horizontal surface. We are interested in a mechanical description
of the system as well as in the thermodynamics aspects related to the effect of the friction force.
For the sake of simplicity, we consider the friction force as a constant one. Figure 1 represents the
situation. After a while the two blocks move together with the common velocity vf . Air resistance is
neglected.
v
i
v
f
D x
0
ff
D x
Figure 1: The block at the top, initially with velocity ~vi moves with friction on top of lower block. After some
time the two blocks move with a common velocity ~vf The lower block, initially at rest, moves without friction
on top of a horizontal surface not represented in the figure.
The centre-of-mass velocity is equal to the final velocity of the two blocks and it is given by
Vcm = vf =
m
m+m0
vi . (16)
The small block exerts a force on the lower one, pointing in the positive direction and the lower block
exerts an equal and opposite force in the upper block. These contact forces are represented at the
centre-of-mass of each block in figure 1. According to equation (8) applied to each block{
−f∆t = mvf −mvi
f∆t = m0vf ,
(17)
and, from equation (9), 

−f∆x = 1
2
mv2
f
− 1
2
mv2i
f∆x0 =
1
2
m0v
2
f
.
(18)
The variation of the kinetic energy of the system is
∆K =
1
2
(m+m0)v
2
f −
1
2
mv2i = −
1
2
mv2i
(
1
1 +m/m0
)
(19)
and this quantity is still equal to the sum of the two equations in (18), namely
∆K = f(∆x0 −∆x) . (20)
We now analyse the situation from the thermodynamical point of view. In the fast, nearly adiabatic
process of the collision, there is an internal energy rise of thermal origin (the temperature of the blocks
increased). However, the heat transfer to the surrounding during the adiabatic process is negligible.
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This fast process is followed by a slow process of thermal conduction from the hot blocks to the cooler
air. After this thermalization process the blocks are moving with the velocity vf they had at the end
of the fast process, and the increase of internal energy they experienced has been dissipated to the
surrounding heat reservoir, with the heat transfer Q equal to the internal energy rise given numerically
by equation (20), as we shall see. We can now apply the first law of thermodynamics, expressed by
equation (7), to the whole process: from the initial state to the final state where the two blocks
are moving with the common velocity vf at at the same temperature, which is equal to their initial
temperature and to the temperature of the heat reservoir, the surrounding air. We remind that, in
equation (7), the internal energy, U , is the energy of the system is the centre-of-mass frame. The
variation of the kinetic energy of the centre-of-mass of the system is zero, ∆Kcm = 0; the variation of
the internal kinetic energy is, therefore, ∆K int = ∆K; on the other hand, after thermal equilibrium is
reached, the internal energy variation is solely the kinetic energy relative to the center of mass, which
has decreased: ∆U = ∆K int, since the two blocks are at the same temperature in the initial and in
the final state (i.e. there is no internal energy variation due to a temperature variation); finally, since
W ext = 0, starting from equation (7) one arrives at
Q = −
1
2
mv2i
(
1
1 +m/m0
)
= f(∆x0 −∆x) . (21)
This heat transfer to the surrounding is given by a force displacement product which should not be
regarded as a work. The increase of the entropy of the universe during this process is given by
∆SU = −
Q
T
=
f(∆x−∆x0)
T
. (22)
where T is the temperature of the reservoir.
It is interesting to consider the limiting situation of an infinite massive lower block [22]. This
limit corresponds to the actual situation of the small block sliding with friction on top of the ground.
Eventually the body stops, i.e. vf = 0. In this case the force acting on the block is a kinetic friction
force [23], usually described by f = µkN , where µk is the kinetic friction coefficient, and N is the
normal force exerted by the ground on the block [24]. In this limiting case, the impulse of the friction
force still exists, m0vf → µkN ∆t. On the other hand, in the same limit, the displacement of the lower
block vanishes, ∆x0 → 0, as well as its kinetic energy,
1
2
m0v
2
f
→ 0. The displacement of the upper
block coincides with the displacement of the centre-of-mass of the system, ∆x→ ∆Xcm. The impulse
and the centre-of-mass equations above — equations (17) and (18) — now reduce to
µkN ∆t = mvi and µkN ∆Xcm =
1
2
mv2i . (23)
From equation (21) the heat released in this limiting case can be related both to the initial kinetic
energy of the block and to the action of the friction, namely
−
1
2
mv2i = Q (24)
Q = −µkN ∆Xcm .
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Macroscopic objects, being made of atoms, have many degrees of freedom and can deform, which
means that the work done on them may involve forces acting through distances that are different from
the displacement of the center of mass, and which can lead to increased internal energy and higher
temperature. In fast mechanical processes the heat transfer (microscopic work of a random nature, in
fact) is typically negligible until after the mechanical process has occurred.
The microscopic view of the energy transfers is helpful in the present context. Thus, the energy
transfer as heat can described in many situation by an ensemble of thermal photons and the variation
of internal energy related to temperature variations can be described e.g. by phonons in a solid [25].
3.1 The principle of relativity
The Galileo’s principle of relativity establishes that Newton’s equation is covariant under inertial
reference frame transformations. In particular the mass and the force are frame invariant quantities
[26]. As far as thermodynamics is concerned, the equation expressing the first law (7) is covariant as
well. The temperature and internal energy variations and the heat flows are invariant quantities. But,
e.g. the kinetic energy and the work are not Galilean invariant. In particular, for the work, because
the displacement is not an invariant quantity, but the force is, one expects a change upon a reference
from transformation.
Let us look at the sliding block problem from the point of view of the reference frame S′ moving
with velocity V with respect to S (the lab frame considered so far) — for simplicity we analyze the
single block problem.
In S′, the initial velocity of the block is vi − V and the final velocity is −V , hence equations (23)
read now
−µkN ∆t = −mV −m(vi − V ) (25)
−µkN (∆Xcm − V ∆t) =
1
2
mV 2 −
1
2
m(vi − V )
2 .
The first equation is exactly the first equation (23). The second equation above is
−µkN ∆Xcm + µkN V∆t = −
1
2
mv2i +mviV . (26)
Using here the first equation in (23) one arrives to the second equation in (23). This is an expected
result because the dynamical information obtained in one inertial reference frame must be equivalent
to the information obtained in any other reference frame for the same motion.
Let us finally look at the first law of thermodynamics (7), which now reads ∆K ′cm + ∆U
′ =
Q′ +W ′ext. We remind that the temperature is the same before and long after the collision, therefore
the internal energy variation is solely due to the internal kinetic energy variation, ∆U ′ = ∆K ′int. On
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the other hand, there is an obvious external work related to the friction force due to the velocity of S′
with respect to S, namely −µkN (−V ∆t). The first law of thermodynamics then leads to
1
2
mV 2 −
1
2
m(vi − V )
2 = Q′ + µkN V ∆t . (27)
After using the first equation (23) one concludes that
Q′ = −
1
2
mv2i (28)
i.e. Q′ = Q [see equations (24)] and the heat flows are the same in both inertial frames. The external
work µkN V ∆t in (27) is performed by the external agent that keeps constant the velocity −V of the
floor underneath the block, similarly to the block placed on top of a conveyor belt as discussed in [27].
4 The motion of an accelerated car
The motion of an accelerating car was discussed with some detail in [19]. We revisit the example here
with some simplifications that allows us to better concentrate on the main point we want to focus.
First of all, we consider a 2-dimensional car. The force on the tractive front wheel, powered by the
engine but exerted by the ground, is represented in figure 2 for the car in its accelerating motion. As
shown in [19] the force exerted on the rear non-tractive wheel points in the backward direction, but it
is rather small and we neglect it here. Moreover, in the energetic discussion in [19] we considered the
heat exchange with the air and the external work associated to the functioning engine, to conclude
that the appropriate thermodynamical potential is the Gibbs function. However, here we neglect these
energy transfers and take the internal energy variation of the fuel as the relevant thermodynamical
potential. This is actually similar to consider the car moving due to the action of an internal source of
energy provided by a spiral spring, as it happens in many toys. An additional simplification consists
in neglecting the mass of the wheels, therefore their moment of inertia vanishes and there is no kinetic
energy associated with the rotation of the wheels.
v
F
Figure 2: The car, due to the action of force ~F moves from rest to a final velocity.
In the framework of the above mentioned approximations we can write the following equations for
the car, of mass M , that accelerates in a straight horizontal road. Let us first consider the motion of
the car without air resistance. The force ~F acts during the time interval ∆t, and the car accelerates
11
from the initial velocity vi = 0 to the final one vf = Vcm, traveling a distance ∆Xcm. The Newton’s
second law expressed by (12) and by the centre-of-mass equation (13) lead, respectively to
F∆t =Mvf −Mvi =M Vcm (29)
and
F∆Xcm =
1
2
MV 2cm = ∆Kcm . (30)
This is also the variation of the kinetic energy of the car, since there is no internal kinetic energies
(the wheels are massless):
∆K =W ext +W int = ∆Kcm . (31)
The internal energy variation is solely due to the fuel consumption (by ξ we denote the chemical
reaction that transforms fuel in reaction products),
∆U = ∆Uξ = n∆uξ, (32)
where n is the number of moles and ∆uξ < 0 is the molar fuel internal energy variation associated
with the chemical reaction.
The tractive force is a static friction force that does not perform any work, W ext = 0. Moreover,
there is no heat either, Q = 0, and, as a consequence with no entropy increment ∆SU = 0, leading to
the conclusion that the tractive force is non-dissipative. Then, the equation (7) leads to
1
2
MV 2cm = −n∆uξ . (33)
From here and from equation (31) one concludes that the internal energy variation goes into internal
work,
W int = ∆Kcm (34)
which, in turn, by using (30), can be related to a force—centre-of-mass displacement product, namely
−n∆uξ = F ∆Xcm , (35)
where the indicated displacement is not the displacement of the application point of the force (such
displacement is zero).
Before discussing the effect of the air drag force, it is instructive to simulate its effect using a
conservative force opposite to ~F . This conservative force can be an electric charge, q, placed at the
centre-of-mass of the car and assuming that the car is moving in a region of a constant electric field,
~E. The electric force is given by FE = −qE, the negative sign indicating that the force is opposite
to the direction of the motion. Due to this new force, the car, after the same time interval, ∆t, only
12
reaches the velocity V cm < Vcm after traveling a distance Xcm < Xcm. The dynamical equations (29)
and (30) now read
(F − qE)∆t =MV cm and (F − qE)Xcm =
1
2
MV
2
cm = ∆Kcm . (36)
There is an external work, W ext = −q E Xcm, so the variation of the system’s kinetic energy, equation
(11), is
∆K = −q E Xcm +W
int =
1
2
MV
2
cm = ∆Kcm . (37)
Note that W int is the same as before because the car’s engine operates exactly in the same regime
during exactly the same time interval. Therefore, ∆U = n∆uξ and W
int = −n∆uξ as before the
introduction of the electric braking force. The first law of thermodynamics leads to
1
2
MV
2
cm + n∆uξ = −q E Xcm +Q . (38)
Using (37) one concludes that Q = 0 and, as a consequence, ∆SU = 0. The energy transfer to the car
due to the electric force is ultimately due to an external work reservoir (for instance, a large capacitor
creating the electric field). This external work can still be written as
W ext = −q E Xcm =
1
2
MV
2
cm −
1
2
MV 2cm (39)
and this energy can be totaly recovered since the difference of these kinetic energies (with and without
electric force) is stored elsewhere as electric potential energy.
Let us now assume that the braking electric force is replaced by a drag force of equal magnitude
FE → f . In this case, the dynamical discussion remains the same just with this replacement: qE = f .
The final velocity is the same, V cm; the distance traveled is the same, Xcm; the variation of internal
energy, the work of the internal forces is the same, ∆U = n∆uξ = −W
int. For completeness, we
rewrite the above equations for this new situation as
(F − f)∆t =MV cm and (F − f)Xcm =
1
2
MV
2
cm = ∆Kcm (40)
and
∆K = −f Xcm +W
int =
1
2
MV
2
cm = ∆Kcm , (41)
where the “mechanical” effect of the drag has been included in (41). The same term, −f Xcm, should
enter on the right hand side of the expression of the first law (7), accounting for the energy exchange
between the car and the surrounding air:
1
2
MV
2
cm − n∆uξ = −f Xcm (42)
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Ultimately, the air resistance force is the time/space-averaged momentum transfer rate of random
collisions with air molecules, in which purely conservative electric forces act microscopically. But
macroscopically this force performs dissipative work equivalent to heat
Q = −f ∆Xcm < 0 , (43)
which eventually flows to the surrounding air, the heat reservoir, leading to the entropy increase
∆SU > 0. The kinetic energy obtained by the car results from an internal work reservoir. But,
from the thermodynamical point of view, the effect of the drag force cannot be associated to a work
reservoir.
The previous expression can still be written as
Q =
1
2
MV
2
cm −
1
2
MV 2cm . (44)
The difference in the kinetic energies with and without air resistance is equal to the energy released
at heat, leading to an increase of the entropy of the universe. Since there is no potential behind the
drag force, the energy involved due to the action of that force cannot get organized as a potential
energy. Its usefulness has been lost.
5 Sliding and rotating disc in a slippery slope
In this section we study a sliding and rotating disc, of massM and moment of inertia I = 1
2
MR2, where
R is its radius, descending a slippery incline, whose inclination angle is α. The kinetic friction force
is f = µkN = µkMg cosα (see figure 3) and the non-slipping condition is not observed: ωR 6= Vcm,
where Vcm is the instantaneous centre-of-mass velocity and ω is the instantaneous angular velocity
around the rotation axis.
Figure 3: Forces applied to a rotating disc descending an incline (with or without slipping).
For the translational motion, Newton’s equation (12) leads to
(M g sinα− µkMg cosα)∆t =MVcm . (45)
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where Vcm represents now the final centre-of-mass velocity i.e. at the base of the incline (zero initial
velocity is assumed) and the distance ∆Xcm was traveled in the time interval ∆t. The centre-of-mass
equation (13) leads to
(Mg sinα− µkMg cosα)∆Xcm =
1
2
MV 2cm . (46)
After integration, the rotational equations (14) and (15) lead to
Iω = µkMgR∆t , (47)
where ω now stands for the final angular velocity, and
1
2
Iω2 = µkMgRθ0 (48)
(by θ0 we denote the total rotation angle of the disc around its axis).
Regarding the thermodynamical discussion, to be realistic, one has to admit that there is a tem-
perature increase of the disc due to friction, and this gives rise to an energy transfer as heat to the
surrounding air, the heat reservoir. The corresponding increment of the internal energy is ∆UT . Once
a steady state is reached the disc moves at a constant temperature that is sufficiently higher than
the air temperature for that value of the rate of Q to go to the air that keeps the disc temperature
constant.
The internal energy variation, ∆U = 1
2
Iω2 + ∆UT , is due to the rotational energy variation and
to the temperature increment of the disc. The external work of the conservative forces is W ext =
Mg∆Xcm sinα. The work of the dissipative force leads to the increment ∆UT of the internal energy
and ultimately to an heat transfer to the surrounding air:
1
2
MV 2cm +
1
2
Iω2 +∆UT =Mg∆Xcm sinα+Q . (49)
The consistency of the above equations requires
Q = −µkMg cosα(∆Xcm −Rθ0) + ∆UT < 0 (50)
i.e. there should be an heat transfer to the surrounding. The lower the internal energy increase of
the disc, the higher this heat transfer will be. The increment of the entropy of the universe should be
positive ∆SU > 0. Should the rolling without slipping condition be observed, ∆Xcm = Rθ0, that term
would be zero, there will be no increment of the internal energy due to thermal effects (∆UT = 0) and
the heat would be zero as well.
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6 Conclusions
We discussed the effects of dissipative forces acting on a system. One effect of the dissipative force is
the reduction of the energy of the system due to a heat transfer to the surrounding. This heat may
be quantitatively given as the product of a force by a characteristic displacement of the body, being
accounted for as pseudo-work in Newton’s second law.
As a result of the examples discussed in this article, we may argue, in general, that an energy
exchange between the system and the surrounding expressed in terms of variables that are not state
variables of the system, is dissipative work, thermodynamically equivalent to heat. In other words,
when the energy transfer cannot be expressed by products of conjugate state variables of the system,
that energy is not macroscopically organized and therefore it cannot be stored and recovered as work.
At a mesoscopic scale, friction and drag forces are ultimately conservative electric forces that do
work to deform multiparticle systems, with an associated temperature rise, which leads to a heat
transfer to the surroundings. At a macroscopic scale, from the mechanical point of view, these forces
perform dissipative work.
We stress again that instructors should be aware of the limitations introduced when an extensive
body acted upon by dissipative forces is reduced to a point like object: in that case one incorrectly
refers to the dissipative force—centre-of-mass displacement product as work, though actually it is
pseudo-work [28].
We are very grateful to an anonymous reviewer for the very useful suggestions that helped to
considerably improve the article.
References
[1] J Walker, Halliday and Resnick Principles of Physics, 9th ed. John Wiley, Hoboken 2011, pp
180-181
[2] J W Jewett, Jr. Energy and the Confused Student I: Work, Phys. Teach. 46 38-43 (2008)
[3] A J Mallinckrodt, H. S. Leff, All about work, Am. J. Phys. 60 356-365 (1992)
[4] R C Hilborn, Let’s ban work from Physics Phys. Teach. 38 447 (2000)
[5] M W Zemansky, R H Dittman, Heat and Thermodynamics. An Intermediate Textbook, 7th ed.,
McGraW-Hill, New York 1997, p 66
[6] J Anacleto, Work reservoirs in thermodynamics, Eur. J. Phys. 31 617-624 (2010)
[7] C M Penchina, Pseudowork-energy principle, Am. J. Phys. 46 295-296 (1978)
16
[8] J Silverberg, A Widom, Classical analytical mechanics and entropy production, Am. J. Phys. 75
993-996 (2007)
[9] B A Sherwood, W H Bernard, Work and heat transfer in the presence of sliding friction, Am. J.
Phys. 52 1001-1007 (1984)
[10] H Erlichson, Work and kinetic energy for an automobile coming to a stop, Am. J. Phys. 45 769
(1977)
[11] U Besson, Work and energy in the presence of friction: the need for a mesoscopic analysis, 22
613-622 (2001)
[12] J Gu¨e´mez, M Fiolhais, From mechanics to thermodynamics: analysis of selected examples, Eur.
J. Phys. 34 345-357 (2013)
[13] J Gu¨e´mez, M Fiolhais, Thermodynamical asymmetries in whirling, jumping and walking, Eur. J.
Phys. 35 (2014) 035008 (10pp)
[14] H Erlichson, Internal energy in the first law of thermodynamics, Am. J. Phys. 52 623-625 (1984)
[15] B A Sherwood, Pseudowork and real work, Am. J. Phys. 51 597-602 (1983)
[16] R P Bauman, Physics that textbook writers usually get wrong. I. Work, Phys. Teach. 30 264-269
(1992)
[17] J Gu¨e´mez, M Fiolhais, Thermodynamics in rotating systems—analysis of selected examples, Eur.
J. Phys. 35 (2014) 015013 (14pp)
[18] J Gu¨e´mez, M Fiolhais, The physics of a walking robot, Phys. Education 48 (2013) 455-458
[19] J Gu¨e´mez, M Fiolhais, Forces on wheels and fuel consumption in cars, Eur. J. Phys. 34 10051013
(2013)
[20] A B Arons, Developing the energy concepts in introductory physics, Phys. Teach. 27 506-517
(1989)
[21] A Serway, J W Jewett, Jr., Principles of Physics. A Calculus-Based Text, 3rd Ed. Harcourt
College Publishers. Orlando 2002, p 197
[22] I Galili, D Kaplan, Extending the application of the relativity principle: Some pedagogical advan-
tages, Am. J. Phys. 65 328-335 (1997)
[23] J Ringlein, M O Robbins, Understanding and illustrating the atomic origins of friction, Am. J.
Phys. 72 884-891 (2004)
[24] U Besson, L Borghi, A de Ambrosis and P Mascheretti, How to teach friction: experiments and
models, Am. J. Phys. 75 1106-1113 (2007)
[25] J Gu¨e´mez, M Fiolhais, L A Ferna´ndez, Relativistic mechanical-thermodynamical formalism—
description of inelastic collisions, Eur. J. Phys. 37 (2016) 015602 (21pp)
[26] B J Tefft, J A Tefft, Galilean Relativity and the Work-Kinetic Energy Theorem, Phys. Teach. 45
218 (2007)
[27] R W Chabay, B A Sherwood, Matter and Interactions. Volume I. Modern Mechanics. Volume II.
Electric and Magnetic Interactions, John Wiley and Sons, Inc. Hoboken 2011, p 150
[28] A B Arons, Development of energy concepts in introductory physics courses, Am. J. Phys. 67
1063-1067 (1999)
18
